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ABSTRACT
Avian vision is fundamentally different from human vision; however, even within birds there are substantial between-
species differences in visual perception in terms of visual acuity, visual coverage, and color vision. However, there are 
not many species that have all these visual traits described, which can constrain our ability to study the evolution of 
visual systems in birds. To start addressing this gap, we characterized multiple traits of the visual system (visual coverage, 
visual acuity, centers of acute vision, and color vision) of the Red-winged Blackbird (Agelaius phoeniceus), one of the 
most abundant and studied birds in North America. We found that Red-winged Blackbirds have: wide visual coverage; 
one center of acute vision per eye (fovea) projecting fronto-laterally with high density of single and double cones, 
making it the center of both chromatic and achromatic vision; a wide binocular field that does not have the input of the 
centers of acute vision; and an ultraviolet sensitive visual system. With this information, we parameterized a Red-winged 
Blackbird-specific perceptual model considering different plumage patches. We found that the male red epaulet was 
chromatically conspicuous but with minimal achromatic signal, but the male yellow patch had a lower chromatic but 
a higher achromatic signal, which may be explained by the pigment composition of the feathers. However, the female 
epaulet was not visually conspicuous in both the chromatic and achromatic dimensions compared with other female 
feather patches. We discuss the implications of this visual system configuration relative to the foraging, antipredator, 
mate choice, and social behaviors of Red-winged Blackbirds. Our findings can be used for comparative studies as well as 
for making more species-specific predictions about different visual behaviors for future empirical testing.
Keywords: Agelaius phoeniceus, binocular vision, color vision, ultraviolet-sensitive, visual field
Visión de un ave abundante de América del Norte: Agelaius phoeniceus
RESUMEN
La visión de las aves es fundamentalmente diferente de la visión de los humanos; sin embargo, incluso entre las especies 
de aves hay diferencias substanciales en la percepción visual en términos de agudeza visual, cobertura visual y visión del 
color. Sin embargo, no hay muchas especies que tienen todos estos rasgos visuales descriptos, lo que puede restringir 
nuestra habilidad para estudiar la evolución de los sistemas visuales en las aves. Para comenzar a llenar este vacío, 
caracterizamos múltiples rasgos del sistema visual (cobertura visual, agudeza visual, centros de visión aguda, visión del 
color) de Agelaius phoeniceus, una de las aves más abundantes y estudiadas de América del Norte. Encontramos que 
A. phoeniceus tiene: amplia cobertura visual; un centro de visión aguda por ojo (fóvea) de proyección fronto-lateral con 
alta densidad de conos simples y dobles, convirtiéndolo en el centro tanto de la visión cromática como de la acromática; 
un campo binocular amplio que no tiene la entrada de los centros de visión aguda; y un sistema visual sensible a los rayos 
ultravioleta. Con esta información, parametrizamos un modelo perceptual específico para A. phoeniceus considerando 
diferentes parches del plumaje. Encontramos que la charretera roja del macho fue cromáticamente conspicua pero con 
una mínima señal acromática, y que el parche amarillo del macho tuvo una menor señal cromática pero una mayor señal 
acromática, lo que puede ser explicado por la composición del pigmento de las plumas. Sin embargo, la charretera de 
la hembra no fue visualmente conspicua tanto en la dimensión cromática como en la acromática comparada con otros 
parches de plumas de las hembras. Discutimos las implicancias de esta configuración del sistema visual en relación a 
los comportamientos de forrajeo, anti-depredador, de elección de pareja y social de A. phoeniceus. Nuestros resultados 
pueden ser usados para estudios comparativos, así como para hacer predicciones más específicas a nivel de especie 
sobre diferentes comportamientos visuales en futuras evaluaciones empíricas.
Palabras clave: Agelaius phoeniceus, campo visual, sensibilidad a los rayos ultravioleta, visión binocular, visión del 
color
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INTRODUCTION
Visually, the way birds perceive the world is different from 
the way humans perceive the world. This is because birds 
generally have a wider color space due to 4 visual pigments 
in 4 types of single cone photoreceptors, a  better ability 
to discriminate closely spaced wavelengths because of 
light filtering organelles in their cone photoreceptors (oil 
droplets), an extra cone type (double cone) apparently spe-
cialized in achromatic and motion vision, a  wider visual 
coverage, and a  quicker processing of images because of 
their higher temporal visual resolution (Martin and Osorio 
2008, Hodos 2012, Tanaka 2015). Given these striking 
differences, some authors have called for taking a more 
bird-oriented sensory perspective when studying different 
aspects of their evolution, ecology, and behavior (Bennett 
et al. 1994, Endler and Mielke 2005).
However, one of the most interesting aspects of avian 
vision is the large degree of between-species variability 
in different visual dimensions: visual field configuration 
(Martin 2017); number, type, and position of the centers 
of acute vision (Fernández-Juricic 2012, Moore et al. 2016); 
absorbance properties of oil droplets (Hart and Hunt 
2007, Toomey and Corbo 2017); relative densities of cone 
photoreceptors (Hart 2001b); and perception of chromatic 
signals (Fernández-Juricic 2016). This between-species 
variation has even been found in species that are closely 
related phylogenetically (but see Coyle et  al. 2012). For 
instance, dabbling ducks (Family Anatidae) vary in the 
overall visual coverage (Guillemain et al. 2002). Sparrows 
(Family Emberizidae) vary in the size of the binocular field 
as well as the projection of their centers of acute vision 
(Moore et al. 2015). All in all, this between-species diver-
sity in visual traits can influence visual perception (visual 
acuity and color vision) with the potential to affect beha-
vior (Moore et al. 2017).
Characterizing key visual sensory dimensions of birds 
that could influence behavior is certainly relevant from a 
comparative point of view, such as understanding the evo-
lution of the avian visual system. Yet few species have had 
their visual systems comprehensively characterized. We 
found only 5 bird species that have had all multiple visual 
traits (visual field configuration, visual acuity, density 
and distribution of cone photoreceptors and retinal gan-
glion cells, sensitivity of visual pigments, and absorbance 
of oil droplets) measured: American Goldfinch (Spinus 
tristis; Baumhardt et  al. 2014), Brown-headed Cowbird 
(Molothrus ater; Blackwell et  al. 2009, Fernández-Juricic 
et  al. 2013, Goller et  al. 2018), Canada Goose (Branta 
canadensis; Fernández-Juricic et  al. 2011, Moore et  al. 
2012), European Starling (Sturnus vulgaris; Martin 1986, 
Hart et al. 1998, Dolan and Fernández-Juricic 2010), and 
Feral Pigeon (Columba livia; Binggeli and Paule 1969, 
Martin and Young 1983, Bowmaker et al. 1997, Querubin 
et al. 2009). Even a species often used in modeling color vi-
sion like the Blue Tit (Cyanistes caeruleus) still has some of 
these traits unmeasured (visual field configuration, density 
and distribution of retinal ganglion cells). This shortage of 
visual sensory information can also become an issue when 
it comes to interpreting the results of different behavioral 
studies (foraging, mate choice, and antipredator behavior) 
as sometimes incorrect assumptions are made about the 
way birds gather visual information (Fernández-Juricic 
et al. 2004, Fernández-Juricic 2012).
In this study, we characterized multiple traits of the 
visual system of the Red-winged Blackbird (Agelaius 
phoeniceus): eye size, ocular media transmittance, visual 
field configuration, retinal ganglion cell and single/double 
cone density and distribution, visual pigment sensitivity, 
and oil droplet absorbance. Red-winged Blackbirds belong 
to the Family Icteridae and Order Passeriformes, which 
has the highest number of extant avian species. These 
traits are relevant in explaining visual coverage (visual 
field configuration), visual acuity (eye size, density of ret-
inal ganglion cells—neurons that connect the retina with 
the visual centers of the brain), projection of the centers 
of acute vision in the visual field (distribution of retinal 
ganglion cells and single/double cones), and color vision 
(ocular media transmittance, single/double cone density, 
visual pigment sensitivity, and oil droplet absorbance). 
With all this species-specific information, we estimated for 
the first time the degree of visual conspicuousness of male 
and female Red-winged Blackbird plumage patches from 
the visual point of view of Red-winged Blackbirds. These 
plumage patches are functionally relevant in the context of 
their social and breeding behavior (Searcy and Yasukawa 
1995), making it more important to match species-level 
signals with species-level perception.
The Red-winged Blackbird is one of the most abundant 
birds in North America (Yasukawa and Searcy 1995). They 
are strongly polygynous and primarily granivorous, though 
they are also insectivorous during the breeding season 
(Yasukawa and Searcy 1995). Because of their conspicuous 
sexual dimorphism (males have more colorful plumage 
and are larger than females), Red-winged Blackbirds have 
long served as a model species for investigations on sexual 
selection and the evolution of ornamental traits (McGraw 
et al. 2004, Yasukawa et al. 2009a, 2009b, 2010). We discuss 
the implications of our visual system configuration results 
for different ecological aspects of this species (foraging, 
antipredator behavior, territory spacing, and signaling).
METHODS
A total of 22 Red-winged Blackbirds were used in this study 
(18 males, 4 females). Of these, 10 males were captured in 
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January 2015 in Weld County, Colorado, by the United 
States Department of Agriculture (USDA) Animal and 
Plant Health Inspection Service (APHIS) National Wildlife 
Research Center at Fort Collins, Colorado (hereafter 
called the 2015 Colorado bird pool). Immediately after 
capture, these Red-winged Blackbirds were transported 
to Purdue University in a van and housed together in a 
1.83 × 1.83 × 3.66 m outdoor aviary at the Ross Biological 
Reserve, where they were provided with water, baths, and a 
food mix containing cracked corn, Purina gamebird chow, 
and dried mealworms ad libitum. These 10 individuals 
were then transported to the Purdue University campus 
immediately before being euthanized for physiological 
measurements. The remaining 12 birds were captured in 
2010 (9 individuals; 7 males and 2 females) and 2013 (3 
individuals; 1 male and 2 females) in Tippecanoe County, 
Indiana (hereafter known as the 2010 and 2013 Indiana 
bird pools, respectively). These 12 individuals were used 
for measurements of retinal ganglion cell density and 
visual field configuration only. Immediately after capture, 
these 12 individuals were housed indoors at the Purdue 
University campus on a 14:10 hour light-dark cycle in 
0.61 × 0.61 × 0.76 m cages, where they were provided with 
water and cracked corn ad libitum. The difference in food 
provided to the 2 groups of birds was the result of changes 
in animal care protocols requiring a more balanced diet. 
All animal care, handling, transport, and euthanasia 
procedures were approved by the Purdue Animal Care and 
Use Committee (protocol 1201000567).
Eye Size
Prior to hemisecting the eyes for the different techniques 
(see details below), we measured eye axial length (width of 
eye from the surface of the cornea to the back of the eye 
[mm]), eye transverse diameter (diameter of the eye when 
viewing the front of the eye [mm]), and corneal diameter 
(diameter of the cornea in the sclerotic ossicles [mm]) with 
a caliper.
Ocular Media Transmittance
We measured the ocular media from 5 males (5 left and 5 
right eyes; obtained from the 2015 Colorado bird pool). We 
hemisected the eyes of 2 males using a razorblade on the 
posterior surface of the eye to maintain the structure of the 
ocular media on the anterior segment of the eye following 
Hart et al. (2000a). The remaining 3 males were used for 
photoreceptor density and distribution measurements. For 
the hemisected eyes, the hemisection cut was made so that 
the opening on the back of the eye was the approximate 
size of the cornea (Hart et  al. 2000a). We measured the 
transmittance of the intact ocular media of the hemisected 
eyes, vitreous humor, cornea, and lens in 1 nm increments 
from 300 to 700  nm using a StellarNet Black Comet 
spectroradiometer (StellarNet, Tampa, Florida, USA). 
Measurements were taken as quickly as possible (within 
8–31 min of hemisection) as the ocular media tends to be-
come opaque over time.
We placed the hemisected eye with phosphate buffered 
saline (PBS; to prevent desiccation and maintain eye cup 
structure) into a special eye holder similar in design to the 
one presented in Hawryshyn et al. (1985) (Appendix Figure 
8) to facilitate proper optical alignment and measurement 
of the ocular media. This eye holder was then placed on a 
Corning (St. Louis, MO, USA).
Corning No. 1 22 × 30 mm glass slide and then inserted 
into a StellarNet TXF-1 transmission fixture. This fix-
ture passes light from a StellarNet combination SL1+SL3 
deuterium and tungsten halogen light source, through a 
1,000  µm diameter fiber, to a set of 2 quartz collimating 
lenses, where the light is then sent to the spectrometer 
through another 1,000 µm diameter fiber (Appendix Figure 
8). The eye holder and glass slide were placed and aligned 
in the light path between the 2 quartz collimating lenses 
within the fixture, allowing for light to pass through the 
cornea, lens, and vitreous humor of the hemisected eye, 
respectively (Appendix Figure 8). When possible, we also 
individually measured the components of the ocular media 
(cornea-lens, vitreous humor) in the same manner, but 
without using the eye holder as it was no longer needed to 
maintain proper alignment of these tissues in the transmis-
sion fixture. To calculate the transmittance of the ocular 
media from these tissue measurements, we took a baseline 
transmittance measurement after removing the tissue of 
interest from the light path and measuring how light trav-
eled through the fixture. We then calculated the transmit-
tance of the ocular media by taking the log of the tissue 
sample spectrum divided by the baseline spectrum at each 
wavelength (nm). We normalized the resulting spectra to 
1 (100% transmittance) to determine the wavelength at 
which 50% of light was transmitted (λT0.5; Hart et al. 2000b, 
Hart 2004).
Visual Field Configuration
The visual field is the amount of space around the head an 
animal can see from. The visual field configuration refers to 
the size (in degrees [°]) of the binocular field, lateral fields, 
and blind area at different elevations around the head. 
We measured the visual field configuration of 10 Red-
winged Blackbirds (6 males and 4 females from the 2010 
and 2013 Indiana bird pools) using the ophthalmoscopic 
reflex technique (Hughes 1979) developed for visual field 
measurements by Martin (1984), which briefly consists of 
measuring the elevations around the head from which the 
retina reflects from a light source (Figure 1). We used 8 of 
the 10 individuals (5 males and 3 females from the 2010 
and 2013 Indiana bird pools) for the at-rest measurements 
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where the eyes were not moving (eye-resting position). 
While the eyes were at rest, we measured the extent of 
the pecten, which provides nourishment to the retina and 
creates a blind spot in the visual field (Raviola and Raviola 
1967, Barlow and Ostwald 1972). We used 3 of the 10 
individuals (1 male and 2 females from the 2013 Indiana 
bird pool) to measure the degree of eye movement when 
eyes were either converged toward or diverged from the 
front of the head.
We restrained individual birds in the center of the visual 
field apparatus with the beak held in place, at an angle con-
sistent with the Red-winged Blackbird natural vigilance 
posture. This angle was determined using pictures of Red-
winged Blackbirds in natural settings. The individual was 
held in a horizontal position inside a foam cradle. We meas-
ured the reflex of the retina at different positions around 
the head using an angular coordinate system, with the hor-
izontal axis running directly through both eyes of the bird. 
The coordinate system begins directly above the head at 
0°, progresses forward to the front of the head (90°), under 
the head (180°), around the back of the head (270°), and 
then ends directly above the head at 0° (aka 360°; Appendix 
Figure 11B). We called the plane that went parallel to the 
ground and through the subject’s head (from the beak at 
90° to the back of the head at 270°) the horizontal plane 
(Martin 2007). We used a Keeler Professional ophthal-
moscope (accuracy of ± 0.5°) to measure the visual fields 
while the eyes were at rest, converged, and diverged in 
10° increments around the head from 140° to 260° (Figure 
1A–C). Due to the position of the body and the apparatus, 
we could not measure the extent of the visual field from 
150° to 250° as the eyes were blocked at these angles. The 
converged and diverged eye movements were elicited by 
flashing lights or jingling keys around the individual. All 
measurements were corrected to account for the distance 
from the ophthalmoscope to the retina (Martin 1984). The 
sizes of the binocular, blind, lateral [360 – (mean blind + 
mean binocular visual fields)/2], and cyclopean (binocular 
+ lateral right + lateral left visual fields) fields were calcu-
lated following Fernández-Juricic et al. (2008).
Retinal Ganglion Cell Density and Distribution
We extracted the eyes from 5 male Red-winged Blackbird 
individuals (from the 2010 Indiana bird pool) and meas-
ured eye axial length, corneal diameter, and transverse 
diameter. We hemisected the eyes to access the retina 
by cutting with a razorblade directly anterior to the ora 
serrata. Using a razorblade ensures a cleaner and safer cut 
than using a scalpel as in Stone (1981) and Baumhardt et al. 
(2014). We removed the vitreous humor using tweezers 
and spring scissors, then began removing the retina by 
severing the optic nerve and detaching the sclera from the 
choroidal layer as in Ullmann et al. (2012). Once the retina 
was extracted, we removed the excess pigmented epithe-
lium with either a paintbrush or tweezers before we placed 
it in a solution of PBS (pH ~7.2–7.4, ~310 mOsm/kg) and 
4% paraformaldehyde, being careful to ensure minimal me-
chanical damage of the retina during this process. After the 
retina was in this solution for 24 hr, it was removed, bathed 
in PBS, and placed into a 5% hydrogen peroxide bleaching 
solution for 5  days to remove any remaining pigmented 
epithelium.
After bleaching, we removed the retina, bathed it in 
PBS, and placed it on a gelatinized slide. We flattened 
the retina and removed the pecten to prevent asymmet-
rical shrinkage during the staining process (Stone 1981, 
Ullmann et al. 2012). We then took a picture of each retina 
using a Panasonic Lumix FZ28 camera to account for 
tissue shrinkage once stained. To attach the retina to the 
slide, we heat-fixed it at 60°C for 2 hr in a vessel containing 
4 drops of formalin, and allowed it to sit in this vessel for an 
additional 24 hr. We then began the cresyl-violet staining 
process for each retina following the procedures of Stone 
(1981) and Ullmann et  al. (2012), specifically following 
Table 1 in Ullmann et al. (2012) except with an additional 
8 min in Histoclear for both steps 17 and 18. Once staining 
was complete, we covered the retina with Permount 
(Fisher Scientific, Waltham, MA, USA), added a coverslip 
on top, and let it dry. We then took an additional picture of 
the retina to measure the amount of tissue shrinkage that 
occurred. We measured the area of the retina using the be-
fore and after staining images with Image J (http://rsb.info.
nih.gov/ij/).
We first visualized the whole-mounted, stained retina 
with a 4× objective and a 0.10 numerical aperture on an 
Olympus BX51 microscope (Olympus, Center Valley, PA, 
FIGURE 1.  (a, d) Eyes at rest, (b, e) eyes converged, and (c, f) eyes 
diverged visual field configurations of the Red-winged Blackbird. 
(a–c) Spherical projection of the visual fields and pecten around 
the head of the bird. Lines correspond to latitude and longitude 
on a spherical coordinate system, which is centered on the head 
of the bird, in 20° increments. (d–f) Visual field configuration 
along the horizontal plane parallel to the ground (90–270°).
5The Auk: Ornithological Advances XX:1–27, © 2019 American Ornithological Society
E. Fernández-Juricic, P. E. Baumhardt, L. P. Tyrrell, et al. Vision in Red-winged Blackbirds
TA
B
LE
 1
. 
M
ea
n 
w
av
el
en
gt
h 
at
 p
ea
k 
ab
so
rb
an
ce
 (
λ m
ax
) 
±
 S
E 
fo
r 
th
e 
4 
si
ng
le
 c
on
e 
cl
as
se
s 
an
d 
1 
ro
d 
cl
as
s 
of
 p
ho
to
re
ce
p
to
rs
. M
ea
n 
in
di
vi
du
al
 o
il 
dr
op
le
t 
sp
ec
tr
al
 s
ha
p
e 
p
ar
am
et
er
s 
±
 S
E 
(λ
m
id
, λ
cu
t, 
λ 0
, b
, a
nd
 B
m
id
), 
an
d 
oi
l d
ro
p
le
t a
ve
ra
ge
 s
p
ec
tr
um
 s
ha
p
e 
p
ar
am
et
er
s 
(λ
m
id
, λ
cu
t, 
λ 0
, b
, a
nd
 B
m
id
).
Ro
d
Si
ng
le
 c
on
es
D
ou
b
le
 c
on
es
 
 
U
VS
SW
S
M
W
S
LW
S
Vi
su
al
 p
ig
m
en
ts
 
 
 
 
 
 
 
 
 
M
ea
n 
λ m
ax
 o
f 
sp
ec
tr
a 
(n
m
)
50
3 
±
 0
.5
7
38
4 
±
 1
.4
4
45
2 
±
 1
.7
0
50
3 
±
 1
.1
6
56
6 
±
 2
.3
1
 
 
 
 
N
30
4
4
19
20
 
 
 
 
 
 
T-
Ty
p
e
C
-T
yp
e
Y-
Ty
p
e
R-
Ty
p
e
P1
-T
yp
e
P2
-T
yp
e 
a
P2
-T
yp
e 
b
P3
-T
yp
e
O
il 
dr
op
le
ts
 
 
 
 
 
 
 
 
 
M
ea
n 
λ m
id
 (n
m
)
 
 
43
5 
±
 1
.2
2
53
7 
±
 0
.9
5
59
3 
±
 0
.6
3
45
2 
±
 1
.3
6
45
8 
±
 0
.8
0
50
1 
±
 0
.4
2
50
4 
±
 0
.5
4
M
ea
n 
λ c
ut
 (n
m
)
 
 
42
0 
±
 1
.0
3
51
6 
±
 0
.9
9
57
3 
±
 0
.7
1
43
0 
±
 1
.1
4
44
6 
±
 1
.4
2
48
6 
±
 0
.5
5
49
0 
±
 0
.6
3
M
ea
n 
λ 0
 (n
m
)
 
 
43
1 
±
 1
.1
3
53
2 
±
 0
.9
3
58
8 
±
 0
.6
3
44
6 
±
 1
.2
5
45
5 
±
 0
.9
4
49
7 
±
 0
.3
9
50
0 
±
 0
.5
4
M
ea
n 
b
 
 
0.
10
1 
±
 0
.0
04
7
0.
07
0 
±
 0
.0
01
7
0.
07
5 
±
 0
.0
01
2
0.
07
2 
±
 0
.0
02
4
0.
12
5 
±
 0
.0
06
9
0.
09
7 
±
 0
.0
03
0
0.
10
6 
±
 0
.0
02
7
M
ea
n 
B m
id
 
 
0.
03
5 
±
 0
.0
01
6
0.
02
4 
±
 0
.0
00
58
0.
02
6 
±
 0
.0
00
40
0.
02
5 
±
 0
.0
00
82
0.
04
3 
±
 0
.0
02
4
0.
03
4 
±
 0
.0
01
0
0.
03
7 
±
 0
.0
00
94
M
ea
n 
ab
so
rb
an
ce
 s
p
ec
tr
um
λ m
id
 (n
m
)
 
 
43
3
53
5
59
1
44
7
45
8
49
9
50
2
λ c
ut
 (n
m
)
 
 
41
8
51
6
57
3
42
7
44
6
48
7
48
9
λ 0
 (n
m
)
 
 
42
9
53
0
58
6
44
2
45
5
49
6
49
9
B
 
 
0.
09
8
0.
07
4
0.
08
0.
07
1
0.
12
3
0.
11
6
0.
11
5
B m
id
 
 
0.
03
4
0.
02
6
0.
02
8
0.
02
5
0.
04
2
0.
04
0
0.
04
0
N
 
24
30
28
38
49
15
 
8
6The Auk: Ornithological Advances XX:1–27, © 2019 American Ornithological Society
Vision in Red-winged Blackbirds E. Fernández-Juricic, P. E. Baumhardt, L. P. Tyrrell, et al.
USA) and traced the perimeter of the retina with Stereo 
Investigator 9.13 (MBF Bioscience, Williston, VT, USA), 
which allows for the stereological estimation of retinal 
ganglion cell density. Using Stereo Investigator, we placed 
an orderly grid over the entire retina (Coimbra et  al. 
2009, Baumhardt et  al. 2014). We used the SRS Image 
Series Acquire workflow to apply the orderly grid, which 
used the following parameters, as defined in West et  al. 
(1991), Bonthius et al. (2004), and Baumhardt et al. (2014): 
area sampling fraction (asf; the ratio of the area of the 
counting frame to the area of the grid) = 0.009 ± 0.0004 
per retina, ΣQ– (the sum of the total number of neurons 
counted) = 14,212 ± 998 per retina, and thickness sampling 
factor (tsf; the ratio of the height of the dissector to the mean 
measured thickness)  =  1 per retina. Stereo Investigator 
estimated that the average grid size, used for the retinas 
we counted, was 542.9 ± 11.5 × 543.4 ± 14.0 µm. Retinal 
ganglion cells were counted in a single layer as explained in 
Baumhardt et al. (2014).
Within each grid square on the retina, a 50  ×  50  µm 
(0.0025 mm2) counting frame was added on the upper left 
corner. We used this counting frame to prevent cell double 
counting. We used a 100x oil immersion objective and a 
1.30 numerical aperture to find the plane with the highest 
contrast and resolution of cells that could be seen in fine 
focus. We took a picture of each counting frame with an 
Olympus S97809 microscope camera (Olympus) and then 
took a screen capture of each site using SnagIt (www.tech-
smith.com/Snagit). This allowed us to count the retinal 
ganglion cells within ImageJ (http://rsb.info.nih.gov/ij/). 
We counted cells that were within the counting frame and/
or touched the upper and right edges of the frame, but did 
not count them if they were touching the lower and left 
edges of the frame (Gundersen 1977).
In some instances, a small portion of the counting frame 
encompassed areas where no ganglion cells were visible, 
either due to the counting frame being placed past the edge 
of the retina (at the tracing line), some cells being out of 
focus, or some patches containing pigmented epithelium. 
In these cases, we divided the counting frame into 4 sep-
arate quadrants, each 25 × 25 µm in size, which allowed 
us to count the retinal ganglion cells within the remaining 
quadrants contained inside the original counting frame. 
However, to avoid underestimating the density of cells at 
that grid site, we corrected for the reduced counting area 
during the cell density calculations following Dolan and 
Fernández-Juricic (2010).
Within the images we collected, other cell types were 
also stained with cresyl-violet, such as glial and amacrine 
cells. To address this issue, we identified retinal ganglion 
cells based on their cell shape, size of the soma, the accu-
mulation of Nissl bodies in the cytoplasm, and the nucleus 
staining, as explained in detail in Baumhardt et al. (2014). 
We applied shrinkage corrections to each retina using 
the following formula: area of counting frame + (area of 
counting frame × proportion of shrinkage). This allowed us 
to calculate cell density (cells/mm2) at each grid site by di-
viding the number of cells counted by the corrected tissue 
area (Baumhardt et  al. 2014). The overall ganglion cell 
density was calculated considering all counting frames per 
retina, whereas the peak ganglion cell density was obtained 
from the counting frame with the highest cell density.
We calculated the total number of retinal ganglion cells N 
total = ΣQ– × 1/asf × 1/tsf (following Coimbra et al. 2006). 
We also calculated the Scheaffer-Mendenhall-Ott coeffi-
cient of error (SMO CE) and the SMO CE2/CV2 (CV = coef-
ficient of variation) ratio for each retina to verify the accuracy 
and reliability of our cell density estimations (see Results and 
Appendix Table 2; Glaser and Wilson 1998, Slomianka and 
West 2005, Baumhardt et  al. 2014). We developed topo-
graphic maps of the variation in retinal ganglion cell density 
across the retina using isoclines that connect points with 
equal cell density (Figure 2). We developed the topographic 
maps with the R program called “One cell map V8 svg ver-
sion 2,” described in Garza-Gisholt et al. (2014).
The presence of a fovea was confirmed by identifying 
the location of a small invagination of the retinal tissue on 
each of the stained retinas and from a histological cross 
section of 2 Red-winged Blackbird retinas (from the 2013 
Indiana bird pool). We performed this cross section by fol-
lowing the methods described in Tyrrell and Fernández-
Juricic (2017a). Briefly, we hemisected the eye, fixed it 
in 4% paraformaldehyde, and took a 2  mm wide slice of 
the eye cup with the retina attached along the naso-
temporal axis of the eye, ensuring that the fovea was cen-
tered within the slice. We then mounted the slice of the 
eye cup and retina in paraffin wax and sectioned it serially 
with a Thermo Scientific Shandon Finesse ME microtome 
(Waltham, Massachusetts, USA). We then stained the 
retinal sections with hematoxylin/eosin using a Thermo 
Scientific Shandon Varistain V24-3.
We calculated the peak and average visual acuity (cycles/
degree) or anatomical spatial resolving power of the Red-
winged Blackbird following Williams and Coletta (1987) 
and Pettigrew et al. (1988) and using this equation:
Fn =
 
RMF
2
2D√
3
where Fn is the highest spatial frequency that can be 
detected under optimal light conditions (Williams and 
Coletta 1987), the RMF is the retinal magnification factor 
calculated as 2π(PND)/360 (Martin 1993, Ullmann et  al. 
2012), and D is the retinal ganglion cell density (Williams 
and Coletta 1987). We calculated visual acuity considering 
the overall as well as the peak retinal ganglion cell densities 
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(Baumhardt et al. 2014, Moore et al. 2015). The posterior 
nodal distance (PND) was calculated by multiplying 0.67 
by the eye axial length (following Pettigrew et  al. 1988, 
Martin 1993, Ullmann et al. 2012).
Visual Pigment Sensitivity and Oil Droplet Absorbance
Four male Red-winged Blackbirds were used (from the 
2015 Colorado bird pool) for microspectrophotometric 
measurements within 4 weeks of arrival to Purdue 
University. We dark-adapted by keeping individuals in a 
dark room for a 2–15 hr period to increase the concentra-
tion of visual pigment in the photoreceptors before tissue 
harvesting. We placed the first eye (alternating right or 
left between individuals) in PBS, which we then protected 
from light by covering the container in aluminum foil and 
placing it on ice. We hemisected the second eye at the 
ora serrata with a razorblade following the techniques 
explained in Ullmann et al. (2012). The vitreous humor 
was subsequently removed by cutting it away from the 
retina using small scissors. Using a small paintbrush, 
we carefully separated the retina from the back of the 
eye and floated it in a dish with PBS to prevent damage 
when cutting it. We cut 2–3 small ~8 mm2 pieces of ret-
inal tissue from the center and the periphery and placed 
them individually on Corning No. 1 22  ×  30  mm glass 
slides. We chopped the small piece of retinal tissue into 
smaller pieces using a razorblade, placed a drop of PBS 
and a drop of sucrose water onto the tissue, covered it 
with a Corning No. 1 18 × 18 mm cover slip, and sealed 
the edges with black nail lacquer. The additional retinal 
preparations were stored in a refrigerator until use to re-
duce the amount of tissue degradation. All procedures 
and measurements took place in a dark room lit only 
by infrared or dim red lights so as not to bleach out the 
visual pigments.
We measured the absorbance of the oil droplets and 
visual pigments in the outer segments of cones and 
rods with a custom microspectrophotometer (MSP; Dr. 
Ellis Loew, Cornell University, Ithaca, New York, USA; 
McFarland and Loew 1994, Baumhardt et  al. 2014). We 
FIGURE 2. (A) Retinal ganglion cell topographic map of a Red-winged Blackbird retina. Isodensity lines connect areas of similar density 
(cells mm–2) of retinal ganglion cells across the retina. T = Temporal; V = Ventral. The locations of the fovea and pecten are indicated by a 
black dot and a black streak, respectively. (B) Two individual cross sections showing the presence of a fovea (invagination of the retinal 
tissue) in the central part of the retina. Black scale bar is 200 µm. Projection of the fovea for left and right eyes in the visual field with 
eyes (C) at rest, (D) converged, and (E) diverged.
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first isolated an area with individual outer segments and 
oil droplets, took a baseline measurement in a portion with 
no cells, then measured the absorbance of the nearby cell 
component at 1 nm intervals from 350 to 750 nm. If the 
cell measured was a suspected outer segment, we would 
then bleach the cell for a period of 60 s or more using white 
light to confirm the presence of a pigment and to distin-
guish it from other photo-reactive substances in the prep-
aration (Liebman 1972). We only included in the analysis 
visual pigments that were successfully bleached. We dis-
tinguished medium-wavelength sensitive (MWS) outer 
segments from rod outer segments based on their physical 
characteristics: rod outer segments are large, long, and rec-
tangular, with defined horizontal striations, whereas MWS 
outer segments are smaller, triangular, and have no notice-
able striations (Crescitelli 1972). Oil droplets are easily vis-
ible and distinguishable by their spherical shape, so they do 
not need bleaching.
To determine the peak absorbance (λmax) of the visual 
pigments, we created A1-rhodopsin templates of an ideal 
visual pigment spectrum using Govardovskii et al. (2000) 
equations 1, 2, 4, and 5. We then fitted these templates to 
the long-wavelength arm of the normalized visual pigment 
spectra measured in Microsoft Excel; hence, determining 
the wavelength (nm) at which the visual pigment is maxi-
mally sensitive to light for each spectrum (Figure 3).
To fully characterize the individual oil droplet spectra, 
3 main parameters are determined: (1) λcut, the wave-
length (nm) at which all light is absorbed by the oil 
droplet; (2) λmid, the wavelength (nm) at which 50% of 
the light is absorbed; and (3) λ0, the wavelength (nm) at 
which 63% of the light is absorbed (where transmittance 
equals 1/e) (Lipetz 1984, Hart and Vorobyev 2005). We 
measured and calculated these 3 parameters for each oil 
droplet spectrum using OilDropSpec 4 (http://estebanfj.
bio.purdue.edu/oildropspec), an oil droplet spectra anal-
ysis program for use with MATLAB (The MathWorks, 
Natick, Massachusetts, USA; Sesterhenn 2012, Ensminger 
et al. 2014). The program works by first normalizing the 
long-wavelength arm portion of the oil droplet spectra 
to 1.  From this point, it determines λmid, fits a line on 
the spectra at 10 nm on both sides of the λmid point, and 
determines the slope, intercept, and R2 value of the fitted 
line. Using this information, the program calculates the 
remaining oil droplet spectral shape parameters, λ0, λcut, 
b, and βmid (the last 2 parameters are related to the slope of 
the long-wavelength arm of the spectrum) following Hart 
and Vorobyev (2005). We also determined these spectral 
shape parameters for the average curve (all measured 
spectra averaged together) for each oil droplet type, fol-
lowing Hart (2004). Any oil droplet spectrum with a fitted 
line having an R2 value of less than 0.5 was excluded from 
further analysis.
Photoreceptor Density and Distribution
All birds were dark adapted for 85–130  min before ret-
inal extraction to facilitate removal of the pigmented ep-
ithelium from the retinal tissue. We extracted the retinae 
following the procedure described in the retinal ganglion 
cell section above on 4 male Red-winged Blackbirds (from 
the 2015 Colorado bird pool). We floated the retina onto 
a slide with PBS where it was flattened and then inverted 
it so that the photoreceptor layer was in the upper part 
of the slide. Any pigmented epithelium that remained at-
tached to the retina was left in place to prevent mechan-
ical damage to the cones. A coverslip was superglued to the 
slide to prevent desiccation during the photo acquisition 
period. A picture of the retina, once on the slide, was taken 
to verify retinal orientation.
We began the oil droplet counting process by visualizing 
the whole-mounted retina with a 4× objective and a 0.10 
numerical aperture on an Olympus BX51 microscope 
(Olympus) and tracing the perimeter of the retina in Stereo 
Investigator 9.13 (MBF Bioscience). We used the SRS Image 
Series Acquire workflow to apply the orderly grid. This 
grid used the following parameters: asf = 0.005 ± 0.0004 
per retina, ΣQ– = 14,125 ± 941 per retina, tsf = 1 per retina. 
The average grid size determined by Stereo Investigator 
was 761.0 ± 2.3 × 730.0 ± 70.0 µm. Within each grid square 
on the retina, a 50 × 50 µm (0.0025 mm2) counting frame 
was added on the upper left corner. We used a 40× objec-
tive to find the plane at which the most oil droplets could 
be seen in focus. We took a picture of each counting frame 
with an Olympus S97809 microscope camera (Olympus) 
under brightfield and epifluorescent lights. Exposure to the 
epifluorescent light was limited as much as possible to pre-
vent bleaching of the oil droplets. We took screen captures 
of these images using SnagIt so that we could count the oil 
droplets within ImageJ. We counted oil droplets within the 
counting frame in the same manner as the retinal ganglion 
cells described above.
Based on the results from the microspectrophotometry 
section above, we found 5 distinct types of oil droplets, 
which were highly colored and easily distinguishable in 
the bright field (Y- and R-Types) or were only distinguish-
able in the epifluorescent (T-, C-, and P-Types). We used 
oil droplet type criteria to distinguish the 5 different types 
of oil droplets following Hart (2001b) and Baumhardt 
et  al. (2014). We counted sites in which the tissue was 
undamaged from the retinal extraction process, was not 
folded or distorted, and contained no burst oil droplets 
or remaining pigmented epithelium. Once counting was 
completed, we calculated the cell density (cells/mm2) at 
each grid site by dividing the number of cells counted by 
the counting frame area (Baumhardt et al. 2014). We cal-
culated the total number of photoreceptors (N total), SMO 
CE, and the SMO CE2/CV2 ratio for each retina, as detailed 
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in the retinal ganglion cell section to verify the reliability 
of our counts (Appendix Table 2; Glaser and Wilson 1998, 
Slomianka and West 2005, Baumhardt et al. 2014).
For each retina, we created 6 topographic maps of the 
variation in cone density across the retina using isoclines 
that connect points with equal cell density based on each 
separate oil droplet type associated with the different cones 
(T-Type, C-Type, Y-Type, R-Type, and P-Type) as well as 
the sum of all cone types (Total) on the retina using an R 
program called “One cell map V8 svg version 2” (Garza-
Gisholt et al. 2014). We overlaid a series of concentric rings 
on each of the 3 counted retinas in order to characterize the 
pattern of change in cone density (concentric increase). We 
determined the size of these rings by first calculating the 
proportional area of the highest density isocline (≥60,000 
cells mm–2 for 2 retinas; ≥50,000 cells mm–2 for the third 
retina) in the topographic map including all cone types. 
We then used the average proportional area of highest 
density isocline to determine the area of a circle centered 
on the estimated location of the fovea (determined using 
the whole-mounted stained retinas described in the retinal 
ganglion cell section). We then set the width of 5 additional 
concentric rings around the fovea by using the diameter of 
this circle.
Perceptual Modeling of Plumage Patches
To estimate the degree of visual conspicuousness of the 
male and female plumage patches from the avian visual 
perspective, we used perceptual modeling. The model 
estimates in the chromatic and achromatic dimensions the 
degree of visual contrast of an object (plumage) relative to 
the visual background (vegetation). More specifically, we 
used Vorobyev and Osorio’s receptor noise limited model 
to calculate chromatic and achromatic contrast (Vorobyev 
and Osorio 1998). This model requires the use of spectral 
data from 3 main components: the ambient light of the 
environment (absolute irradiance), the reflectance of the 
object of interest and the reflectance of the visual back-
ground, and species-specific data on the visual system 
(cone sensitivity and relative cone densities). The infor-
mation gathered in the previous sections allowed us to 
calculate for the first time the chromatic and achromatic 
FIGURE 3.  Microspectrophotometrically measured visual pigments and oil droplets of the Red-winged Blackbird. (A) Averaged 
normalized visual pigment spectra of the four single cones (UVS, SWS, MWS, and LWS) and the average normalized rod visual pigment 
(RH1) with the black lines indicating the A1-rhodopsin templates from Govardovskii et al (2000). (B) Averaged normalized oil droplet 
spectra of the four types of single cones (T-Type, C-Type, Y-Type, and R-Type), and the averaged normalized double cone with all P-Type 
variants measured (P1-Type, P2-Type, and P3-Type). (C) Histogram of the λ
max
 values for the single cone visual pigments (UVS, SWS, 
MWS, and LWS) and the rod (RH1) visual pigment. (D) Histogram of the λ
cut
 values for the single cone oil droplets (C-Type, Y-Type, and 
R-Type) and the double cone oil droplet with all three variants (P1-Type, P2-Type [a and b peaks], and P3-Type).
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contrasts specifically from the Red-winged Blackbird 
visual perspective. We determined how different plumage 
patches on the male and female Red-winged Blackbirds 
contrasted against vegetation (green grass). This simulates 
a scenario in which individuals are separated by a distance 
(e.g., distance between 2 territory holders) in which the 
visual angle is such that the vegetation occupies a larger 
proportion of the visual field.
We measured the reflectance of green grass in an open 
grassy field in West Lafayette, Indiana, USA (40.417370, 
–86.941781) on June 9, 2016. We took 21 reflectance 
measurements of the grass with a JAZ portable spectrom-
eter (Ocean Optics, Dunedine, Florida, USA) from 300 
to 700 nm, averaged and interpolated the data into 1 nm 
increments, then calculated the percent reflectance of the 
averaged grass spectrum. In both scenarios, we used am-
bient light data collected from an open grassy field on June 
9, 2016 at 0920 hours (UTC-05:00)  on a partly cloudy day 
(35% cloud cover). These data were collected using the ab-
solute irradiance function on a JAZ portable spectrometer 
from 300 to 700 nm. We took 10 samples of the ambient 
light, 2 from each of the 4 cardinal directions and 2 directly 
up at the sky, at breast height. We averaged together the 10 
irradiance spectra, converted the data from µWatt/cm2/nm 
to µmol/s/m2, and interpolated the data to 1 nm increments.
We measured the reflectance of the Red-winged 
Blackbird plumage in 3 males (from the 2015 Colorado 
bird pool) and 1 female (from the 2013 Indiana bird pool) 
using a StellarNet Black Comet Spectroradiometer in 1 nm 
increments from 300 to 700 nm. We took 3 measurements, 
averaged them together, and calculated the percent re-
flectance for each of the beak, belly, breast, crown, mantle, 
dorsal side of tail feathers, ventral side of tail feathers, 
red epaulet, yellow epaulet/wing bar, the distal side of the 
flight feathers, and the proximal side (underside closest to 
body) of the flight feathers plumage patches on the male 
Red-winged Blackbird (Appendix Figure 9). We took 3 
measurements, averaged them together, and calculated 
the percent reflectance for each of the beak, belly, breast, 
crown, mantle, dorsal side of tail feathers, ventral side of 
tail feathers, epaulet, the distal side of the flight feathers, 
and the proximal side of the flight feathers, cheek, eye bar, 
and throat plumage patches on the female Red-winged 
Blackbird. We used the male and female plumage patches 
as the object of interest and the grass leaves as a background 
in the contrast model. The percent reflectance is the ratio 
of the reflectance of the plumage and the reflectance of an 
ideal standard under the same light source, with the area 
under the percent reflectance curve indicating the light-
ness of the plumage patch (Andersson and Prager 2006). 
The percent reflectance spectra (rather than colorimetric 
parameters) are used in the calculation of visual contrast.
To make the visual contrast models Red-winged 
Blackbird-specific, we calculated the wavelength-specific 
photon capture probability (Cr (λ); Figure 4E, F; equation 
8 in Endler and Mielke 2005) for each photoreceptor by 
creating templates of each visual pigment normalized 
absorbance (Gr (λ) parameter) (using λmax; Figure 4A, B; 
Govardovskii et al. 2000) and the corresponding oil droplet 
transmittance (Tor (λ) parameter) (using λcut and Bmid; 
Figure 4C; equation 17 in Hart and Vorobyev 2005). We 
also used TableCurve 2D (Systat Software, San Jose, CA, 
USA) to fit a curve to the average hemisected eye ocular 
media transmittance curve (Te (λ) parameter) (Figure 4D). 
We used the resulting wavelength-specific photon cap-
ture probability spectra (Figure 4E, F) and the cone pho-
toreceptor relative densities (including the double cone) 
in the model. We used the vismodel and coldist functions 
with a weber fraction of 0.1 in Pavo 1.0, as explained in 
Maia et al. (2013), to estimate chromatic and achromatic 
contrasts. We calculated achromatic contrast separately 
from chromatic contrast by using the short-wavelength 
sensitive (SWS), MWS, long-wavelength sensitive (LWS), 
and double cone sensitivity curves in the visual argument 
within the vismodel function, and the SWS, MWS, LWS, 
and double cone relative densities in the n argument within 
the coldist function, as recommended (R. Maia personal 
communication). The output of the contrast calculations 
is in units of just noticeable differences (JND), with a JND 
of more than 4 being considered that the animal can easily 
distinguish the object from the visual background (Siddiqi 
et al. 2004).
RESULTS
Eye Size
We measured 3 eye size parameters on 13 males. The mean 
(± SE) eye axial length was 8.11 ± 0.11 mm, transverse eye 
diameter was 9.94 ± 0.05 mm, and corneal diameter was 
5.97 ± 0.06 mm.
Ocular Media Transmittance
We measured 4 hemisected eyes (2 right, 2 left) from 2 
males (hemisection opening dimensions  =  7.57  ±  0.75  × 
7.55  ±  0.74  mm). We also measured the individual oc-
ular media components from 5 eyes (2 right, 3 left) of 3 
males. The average λT0.5 (the wavelength at which 50% of 
light was transmitted) values were as follows: hemisected 
eye  =  324  ±  6.40  nm (Appendix Figure 10A); cornea-
lens = 323 ± 8.11 nm; and vitreous humor = 360 ± 28.87 nm 
(Appendix Figure 10B). We could not separate the cornea 
from the lens without complete destruction of the tissues, 
so we measured them together.
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Visual Field Configuration
We found that the beak extends into the binocular 
field of the Red-winged Blackbird, as evidenced by the 
beak obstructing the visual field between 90º and 110º 
elevations (see indentations in binocular field Figure 1A, 
B). This indicates that individuals are able to see the tip of 
their beaks when their eyes are at rest or converged (Figure 
1A, B). The width of the binocular field at the horizontal 
FIGURE 4.  Predicted sensitivity of the Red-winged Blackbird cone photoreceptors and spectra used in the calculation of the 
wavelength-specific photon capture probability (C
r
 (λ)). (A) and (B) Predicted sensitivity of the cone photoreceptors considering (1) the 
spectral tuning effects of the oil droplets and ocular media for the 4 single cones, and (2) the spectral tuning of the double cone with 
all P-Type variants, as in Hart and Vorobyev (2005). Dotted lines represent the visual pigment template for each specific photoreceptor, 
with the double cone using the LWS pigment, used in the calculation of the wavelength-specific photon capture probability (C
r
 (λ)), as 
in Endler and Mielke (2005). (C) Normalized oil droplet transmittance templates from each single cone oil droplet type and all double 
cone P-Type variants used in the calculation of the wavelength-specific photon capture probability (C
r
 (λ)). (D) Normalized transmittance 
of the hemisected eye ocular media fitted curve used in the calculation of the wavelength-specific photon capture probability (C
r
 (λ)). 
(E) and (F) Resulting wavelength-specific photon capture probability (C
r
 (λ)) spectra for (E) each single cone photoreceptor, and (F) the 
double cone photoreceptor with all P-type variants used in the contrast calculations.
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plane was 51.46 ± 2.89° with the eyes at rest, with a max-
imum width of 52.08  ±  2.13° at the 80° elevation (Figure 
1A, D). The average width of the binocular field across all 
elevations was 34.81 ± 3.39° with the eyes at rest, extending 
from 0° (top of head) vertically to 140° (below the beak) 
(Figure 1A). The width of the blind area at the horizontal 
plane was 44.15 ± 2.71° with the eyes at rest (Figure 1D), 
with a maximum of 63.54  ±  2.20° at the 250° elevation. 
The average width of the blind area across all elevations 
was 30.34 ± 5.87° with the eyes at rest. The size of the lat-
eral field at the horizontal plane was 132° with the eyes 
at rest (Figure 1D), consequently the cyclopean field (lat-
eral right and left fields + binocular field) was 316°. The 
average width of the lateral field and cyclopean fields (in 
the 70–140° elevations where we were able to collect in-
formation from both the binocular and blind areas) were 
139.70 ± 4.03° and 321.52 ± 5.64°, respectively (Figure 1A). 
The average width of the pecten, whose projection creates 
a blind spot in the visual field, across all elevations meas-
ured was 19.44 ± 1.32° with the eyes at rest. The pecten 
extended from 0° (top of head) vertically to 70° (dorsal to 
the beak) (Figure 1A).
We found that Red-winged Blackbirds can move their 
eyes considerably, but differently depending on the eleva-
tion along the head (Appendix Figure 11A, B). The largest 
degree of eye movement (36.90 ± 1.15°) was measured at 
90° along the horizontal plane (Appendix Figure 11B). The 
average amplitude of eye movement across all elevations 
measured was 28.64 ± 3.26°.
On the horizontal plane, the width of the binocular field 
and blind area increased by 14° and 27°, respectively, when 
the eyes converged relative to the eyes at rest position 
(Figure 1B, E). The width of the cyclopean field decreased 
by 27° when the eyes converged (Figure 1E). On the hori-
zontal plane, the width of the binocular field decreased by 
60° when the eyes diverged, leading to a 9° blind area in 
front of the head (Figure 1C, F). On the horizontal plane, 
the width of the blind area decreased by 12° when the eyes 
diverged (Figure 1F).
Retinal Ganglion Cell Density and Distribution
We used 5 eyes from 5 males (3 right, 2 left eyes). Out of the 
average 412.4 ± 2.5 number of grid sites photographed per 
retina, we were able to count an average of 365.4 ± 7.9 grid 
sites per retina. The average amount of retinal shrinkage 
for these retinas was 1.2 ± 0.3%. We found that the mean 
density of the retinal ganglion cells was 15,498  ±  955 
cells mm–2 for the whole retina, with a peak density of 
41,061 ± 2,735 cells mm–2. The estimated total number of 
cells on the retina was 1,664,799 ± 83,217 cells. The average 
SMO CE was 0.028 ± 0.0008, which was highly reliable as 
it was well below the 0.1 threshold (Glaser and Wilson 
1998, Slomianka and West 2005, Coimbra et al. 2009). The 
average SMO CE2/CV2 ratio was 0.002 ± 0.00005, below the 
0.5 threshold set by Slomianka and West (2005), indicating 
that our counts were highly reliable estimates of cell den-
sity. The topographic maps showed a region of high den-
sity (≥35,000 cells mm–2) slightly off, dorso-temporally, the 
center of the retina (Figure 2A). We confirmed that Red-
winged Blackbirds had a single fovea per retina as their 
center of acute vision given the invagination of the retinal 
tissue around the area with the highest cell density (Figure 
2B). The fovea projected fronto-laterally with the eyes at 
rest (Figure 2C), but did not enter the binocular field even 
when the animals converged their eyes (Figure 2D). From 
the fovea, the ganglion cell density decreased concentri-
cally towards the periphery of the retina (Figure 2A). Based 
on eye size and ganglion cell density, we estimated the peak 
and average visual acuity of the Red-winged Blackbird to 
be 9.22 ± 0.23 and 5.72 ± 0.25 cycles/degree, respectively.
Visual Pigment Sensitivity and Oil Droplet Absorbance
We were able to measure visual pigment sensitivity from 
47 cones and 30 rods from 4 males. The visual pigments 
of the cone and rod photoreceptors were confirmed to be 
A1-rhodopsin pigments during the template-fitting pro-
cess (Govardovskii et  al. 2000). Red-winged Blackbirds, 
like other bird species, have 4 classes of single cones, 
1 class of double cone, and 1 class of rod (Figure 3A) 
photoreceptors. The mean peak absorbance (λmax) values 
of the single cone visual pigments were estimated as: 
384  ±  1.44  nm (ultraviolet wavelength sensitive [UVS]; 
range: 380–386 nm, with lambda max values of 380 nm, 
385 nm, 386 nm, and 386 nm for each of the individual 
cones measured), 452  ±  1.70  nm (SWS), 503  ±  1.16  nm 
(MWS), and 566  ±  2.31  nm (LWS) (Table 1; Figure 3A, 
C; Appendix Figure 13). The double cone visual pigment 
could not be found during the data collection period. 
The peak absorbance (λmax) of the rod photoreceptor was 
estimated as 503 ± 0.57 nm (rhodopsin [RH1]) (Table 1; 
Figure 3A, C; Appendix Figure 13). An individual exem-
plar UVS visual pigment, post-bleach and rotated spec-
trum, and difference spectrum can be viewed in Appendix 
Figure 14. The apparent mismatch between the peak of 
the raw data relative to the peak of the fitted curve is 
because of the noisy nature of the UVS visual pigment 
data; however, we followed the template-fitting process 
(Govardovskii et al. 2000) to establish the peak absorbance 
(λmax), as described in the Methods section. The naming 
of photoreceptors and visual pigments followed the con-
vention of Hart (2001a), as we did not have the facilities to 
perform genetic tests to distinguish between SWS1 and 
SWS2 opsins.
We were able to measure oil droplet absorbance from 
192 oil droplets from the same 4 males. We identified 5 
main types of oil droplets: T-Type, associated with the UVS 
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single cone; C-Type, associated with the SWS single cone; 
Y-Type, associated with the MWS single cone; R-Type, as-
sociated with the LWS single cone; and P-Type, associated 
with the double cone. The P-Type oil droplet contained 
3 variants (P1-Type, P2-Type, and P3-Type) likely due to 
differences in carotenoid concentration (Table 1; Figure 
3B, D; Appendix Figure 13). The fact that we found P-Type 
oil droplets confirms that Red-winged Blackbirds have 
double cones (Hart 2001a), despite the fact that we could 
not find the visual pigment associated with these double 
cones (see previous paragraph). The P2-Type contains a 
double peak, which had to be analyzed separately; there-
fore, we called the higher absorbance peak P2(a) and the 
lower absorbance peak P2(b) (Figure 3B, D). The P1- and 
P2-Type variants were found throughout the retina, while 
the P3-Type variant was only found in the periphery of 
the retina. The mean λcut of single cone oil droplets were 
estimated as: 420  nm (C-Type [SWS]), 516  nm (Y-Type 
[MWS]), and 573 nm (R-Type [LWS]) (Table 1). The mean 
λcut estimates for double cone oil droplets were: 430  nm 
(P1-Type), 446  nm (P2-Type; a peak), 486  nm (P2-Type; 
b peak), and 490  nm (P3-Type) (Table 1; Figure 3B, D; 
Appendix Figure 13). The remaining spectral shape 
parameters (λmid, λ0, b, and βmid) for all of the oil droplet 
types are listed in Table 1, except the T-Type oil droplet 
since it is transparent and has no absorbance properties 
above 300 nm (Hart 2001a).
We calculated the peak sensitivity of the photoreceptor 
visual pigments including the effects of the ocular media 
and oil droplet transmittance following equation 17 in Hart 
and Vorobyev (2005) and equation 1 in Govardovskii et al. 
(2000) (Figure 4A, B). These calculations are relevant be-
cause they consider the visual signal generated at the level 
of the photoreceptor after other optical effects are factored 
in. The peak sensitivity (λmax) of the visual pigment is there-
fore changed: in the UVS cone from 384 to 385 nm, in the 
SWS cone from 452 to 460  nm, in the MWS cone from 
503 to 544 nm, and in the LWS cone from 566 to 605 nm 
(Figure 4A). The λmax of the double cone does not change as 
a result of the ocular media and oil droplet transmittance 
(Figure 4B).
Photoreceptor Density and Distribution
We used 3 eyes from 2 males (1 right, 2 left eyes). Out of 
the average 280.7 ± 23.2 number of grid sites collected per 
retina, we were able to count an average of 188.3 ± 20.2 grid 
sites per retina. The average SMO CE was 0.019 ± 0.0012 
and the average SMO CE2/CV2 ratio was 0.002 ± 0.0002, well 
below the 0.1 and 0.5 thresholds, respectively, indicating 
that our cell density estimates were highly reliable (Glaser 
and Wilson 1998, Slomianka and West 2005, Coimbra et al. 
2009). We estimated the mean density of all cone types 
(based on oil droplets) as 30,373 ± 551 cells mm–2 for the 
whole retina, with a peak density of 66,000  ±  7,111 cells 
mm–2. The mean density of all single cone photoreceptors 
involved in color vision (UVS, SWS, MWS, and LWS) was 
16,970 ± 360 cells mm–2, and that of the double cone pho-
toreceptor involved in achromatic vision was 13,402 ± 252 
cells mm–2. The mean density per cone photoreceptor 
type was: UVS (T-Type oil droplet)  =  2,496  ±  63  mm–2; 
SWS (C-Type oil droplet)  =  5,586  ±  149  mm–2; MWS 
(Y-Type oil droplet)  =  4,365  ±  104  mm–2; LWS (R-Type 
oil droplet)  =  4,523  ±  88  mm–2; double cone (P-Type oil 
droplet) = 13,402 ± 252 mm–2. The relative densities of Red-
winged Blackbird cone photoreceptors (used in perceptual 
modeling) were: 1 (UVS): 2.24 (SWS): 1.75 (MWS): 1.81 
(LWS): 5.37 (double cone). The estimated total number of 
all cones, single cones, and double cones across the whole 
retina were: 3,097,611 ± 75,041, 1,742,178 ± 107,051, and 
1,355,433 ± 37,566 cells, respectively.
The density of both single and double cones showed a 
consistent pattern of concentric increase from the retinal 
periphery towards the foveal area as shown in the den-
sity plots considering different concentric rings centered 
around the fovea (Figure 5) as well as in the topographic 
maps (Appendix Figure 12). The area with the highest 
density of both single and double cones (Appendix 
Figure 12) coincides with the position of the fovea estab-
lished from examination of the retinal ganglion cell layer 
(Figure 2).
Additionally, we sorted out the cone densities in 2 
portions of the retina: the foveal area, which projects into 
the fronto-lateral portion of the visual field (Figure 2C), 
and the temporal area, which projects into the binocular 
field (Figure 2C). The density of all single cones (ANOVA, 
F  =  48.23, df  =  1 and 149, P  <  0.001) and double cones 
(ANOVA, F = 28.87, df = 1 and 149, P < 0.001) was signifi-
cantly higher in the foveal area (single cones, 31,656 ± 2,266 
cells mm–2; double cones, 19,256 ± 1,266 cells mm–2) than 
the temporal area (single cones, 15,346  ±  606 cells mm–
2; double cones, 12,207  ±  338 cells mm–2), as expected. 
However, the ratio of double to single cones was signifi-
cantly higher (ANOVA, F = 5.84, df = 1 and 149, P = 0.017) 
in the temporal area (0.95 ± 0.03) than in the foveal area 
(0.62 ± 0.13).
Perceptual Modeling of Plumage Patches
Our visual contrast model with Red-winged Blackbird-
specific visual sensory information provided a picture of 
what parts of the male and female plumage are more visually 
conspicuous from the visual perspective of conspecifics. 
When different plumage patches were contrasted against 
the surrounding vegetation, the male red epaulet was by 
far the most chromatically conspicuous patch, followed 
by the distal side of the flight feathers, crown, and top of 
the tail (Figure 6A). Achromatically, however, Red-winged 
Blackbirds would have a challenging time discriminating 
the male red epaulet from the visual background given its 
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low values. However, the crown, distal side of the flight 
feathers, top of the tail, and breast had the highest achro-
matic conspicuousness (Figure 6B). Females, in contrast, 
were chromatically much less conspicuous than males 
overall from the visual perspective of the species, with 
throat, breast, belly, and beak as the most visually conspic-
uous (Figure 6C). From an achromatic perspective, female 
under-tail, distal side of the flight feathers and throat were 
FIGURE 5.  Average (± SE) density of cone photoreceptors (UVS, SWS, MWS, LWS, double cone, and total) across the retina shown in 
concentric rings of similar width (from (1) centrally located circle centered on the fovea to (6) retinal periphery). (Inset) Small diagram 
shows an example of concentric ring configuration.
FIGURE 6.  Chromatic (A, C) and achromatic (B, D) contrast of plumage patches against grass leaves for the male (A, B) and female (C, 
D) Red-winged Blackbird main plumage patches: beak, belly, breast, cheek (female only), crown, epaulet, eye bar (female only), flight 
feather (distal side of flight feathers), mantle, tail (dorsal side of tail feathers), throat (female only), under flight feather (proximal side of 
flight feathers), under tail (ventral side of tail feathers), and yellow wing bar (male only) (see Appendix Figure 9).
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the most conspicuous patches relative to the visual back-
ground of the vegetation (Figure 6D).
DISCUSSION
Red-winged Blackbirds have relatively wide visual cov-
erage, a single center of acute vision per eye (fovea) 
projecting fronto-laterally, a concentric increase in the 
density of both retinal ganglion cells and cones towards 
the center of acute vision, a relatively wide binocular 
field that does not have foveal input, and an ultraviolet 
sensitive visual system. In general terms, the Red-winged 
Blackbird visual configuration bears a lot of similarities 
with that of the American Goldfinch (Baumhardt et  al. 
2014), Brown-headed Cowbird (Blackwell et  al. 2009, 
Fernández-Juricic et  al. 2013), and European Starling 
(Martin 1986, Hart et  al. 1998, Dolan and Fernández-
Juricic 2010). We discuss these findings from both be-
havioral and ecological perspectives.
Red-winged Blackbirds have visual coverage similar 
to other passerine birds (blind area ~40°; Moore et  al. 
2015, Tyrrell and Fernández-Juricic 2017a). This large 
visual coverage means that they should be able to gather 
information about foraging opportunities (conspecifics 
finding food) as well as potential risks (predators 
attacking, conspecifics escaping) from their lateral fields 
even when their heads are down in a putatively foraging 
posture, as other passerine birds do (Fernández-Juricic 
et al. 2008). Nevertheless, there are 2 interesting sensory 
input constraints in the blackbird visual field configu-
ration. The vertical length of the binocular field seems 
limited above and below the beak (Figure 7A) compared 
with other passerine birds (Fernández-Juricic et al. 2008, 
Baumhardt et  al. 2014, Moore et  al. 2015). Thus, Red-
winged Blackbirds would not be able to get much visual 
input right above and behind their heads given their visual 
field configuration (Figure 7A, B). Additionally, their 
pectens generate a blind spot on each side of the binoc-
ular field in the upper part of the visual field (Figure 7C, 
D). This may limit their ability to detect aerial predator 
attacks along the median plane particularly when their 
heads are down while foraging (Figure 7C) or displaying 
visual signals (Figure 7D), but the large lateral visual cov-
erage especially when diverging the eyes may partially 
compensate for this constraint (Figure 1F). Furthermore, 
the binocular field projection below the head does not 
reach the ground (Figure 7A), as in other passerine birds 
(e.g., House Sparrow [Passer domesticus], House Finch 
[Haemorhous mexicanus]; Fernández-Juricic et al. 2008). 
Therefore, Red-winged Blackbirds may not be able to 
see the ground when head-up (Figure 7A), limiting the 
gathering of foraging information to head-down body 
postures (Figure 7B).
The density of single and double cones was substan-
tially higher around the foveal area than the rest of the 
retina. Thus, the fovea in Red-winged Blackbirds can be 
considered the center of both chromatic and achromatic 
vision, as is the case of other passerine birds (Baumhardt 
et  al. 2014). The implication is that after detection and 
when exploring visually specific targets (conspecifics), 
Red-winged Blackbirds are expected to use to a large ex-
tent their foveae to resolve as much detail as possible. 
Given that their foveae project fronto-laterally, high-acuity 
visual exploration would take the form of rapid lateral head 
movements to fixate with either laterally placed eye aligned 
with the object of interest. Actually, our estimates of peak 
visual acuity (9.22 cycles per degree around the center of 
acute vision) allow us to calculate the spatial scales the 
Red-winged Blackbird eye can reach under hypothetically 
perfect illumination conditions (see Tyrrell et al. 2013 for 
formulas). Additionally, the distance at which an object is 
resolved may not necessarily be the same at which an ob-
ject is recognized as belonging to a certain category (con-
specific, predator). Thus, these distances are expected to 
be overestimates. For instance, a Red-winged Blackbird 
should be able to resolve a conspecific (22  cm length; 
Yasukawa and Searcy 1995) from 232 m, and the red ep-
aulet of a male (4.37 cm length; Eckert and Weatherhead 
1987) from 46.12 m. The red epaulet of male Red-winged 
blackbirds is a threat and dominance signal between rival 
males (Smith 1972). Interestingly, the diameter of an av-
erage Red-winged Blackbird territory is ~50 m (Yasukawa 
and Searcy 1995), suggesting that to assess the variation 
in epaulet size (Røskaft and Rohwer 1987,  Yasukawa et al. 
2009b), neighbor males would need to position themselves 
within a relatively reduced spatial window (<50 m).
From an antipredator perspective, the key is the detec-
tion of a visual stimulus that could have characteristics (due 
to motion, size, coloration, contrast) suggesting a potential 
predator. This first detection can occur with any portion 
of the retina and is followed by visual exploration with the 
fovea in the direction of the stimulus (Sokolov et al. 2002). 
Given that any part of the retina could be involved in the 
first detection, we used the average visual acuity estimate 
(5.72 cycles per degree) to calculate the distances that 
the Red-winged Blackbird could detect its main known 
adult and egg predators (Bird 1930, Yasukawa and Searcy 
1995) under hypothetically perfect illumination conditions 
(see Tyrrell et  al. 2013 for formulas). Considering ter-
restrial predators (averaged body lengths obtained from 
animaldiversity.org), Red-winged Blackbirds should be 
able to resolve raccoons (Procyon lotor, 77.7  cm) from 
509 m, and American minks (Neovison vison, 61  cm) 
from 400 m. Considering aerial predators (averaged body 
lengths obtained from animaldiversity.org), Red-winged 
Blackbirds should be able to resolve Cooper’s Hawks 
(Accipiter cooperii, 42.5  cm) from 279 m, Sharp-shinned 
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Hawks (Accipiter striatus, 29 cm) from 190 m, Black-billed 
Magpies (Pica hudsonia, 52.5 cm) from 344 m, and Marsh 
Wrens (Cistothorus palustris, 12.2 cm) from 80 m. Thus, 
if the 2 aforementioned hawks were to initiate an attack 
on an adult bird, Red-winged Blackbirds would have 21 s 
and 14 s after detection, respectively, to escape successfully 
based on the averaged flight speeds of these raptors (Broun 
and Goodwin 1943).
Red-winged Blackbirds have relatively wide binocular 
fields that they can widen even more by converging their 
eyes towards their bills due to their degree of eye move-
ment. Furthermore, their foveae do not project into the 
binocular field, even when the eyes are converged. The im-
plication is that visual perception around the Red-winged 
Blackbird bill varies from binocular vision to high acute 
vision on the right and left sides of the edges of the bin-
ocular field. This is likely to influence its visual explora-
tion strategy while foraging. Sideways head exposures to 
the substrate may provide high ability to resolve stimuli 
both chromatically and achromatically, whereas exposing 
the bill towards the substrate may provide 2 visual inputs 
(though of lower spatial resolving power than those of the 
foveae) that may enhance contrast discrimination (Heesy 
2009). Binocular vision in birds is not well understood 
from a functional perspective (Martin 2009, Tyrrell and 
Fernández-Juricic 2017b); however, an interesting finding 
was that the ratio of double to single cones was higher in 
the portion of the retina subtending the binocular field 
than that subtending the foveal field. Previous studies in 
humans have drawn functional implications based on vari-
ations in the ratios of cone photoreceptors (Cicerone 1990). 
Along these lines, our findings suggest that in Red-winged 
Blackbirds achromatic vision may be of higher relevance in 
the binocular field than in the foveal field. This idea could 
be tested in the future using behavioral assays that consider 
the projection of the foveal and binocular fields described 
in this study.
Based on microspectrophotometric data, we found that 
Red-winged Blackbirds are sensitive to the ultraviolet por-
tion of the spectrum (UVS visual system), as suggested by 
Aidala et  al. (2012) based upon DNA sequencing of the 
SWS1 photoreceptor. Additionally, Chen et al. (1984) and 
Chen and Goldsmith (1986) provided electrophysiological 
evidence for retinal cones that are maximally sensitive to 
FIGURE 7.  The projection of the visual fields on Red-winged Blackbird males (D) and females (A–C) during behaviorally and ecologically 
relevant body postures and activities. (A) Vertical length of the binocular (light grey) and blind area (dark grey) and projection of the 
fovea (dashed arrow) while foraging in the head-up body posture. (B) Vertical length of the binocular (light grey) and blind area (dark 
grey) and projection of the fovea (dashed arrow) while foraging in the head-down body posture. (C) Spherical projection of the visual 
fields (binocular [grey], lateral [white], and blind [black]), pecten (dark grey) and foveae (black circles) into the visual space around the 
head of a foraging head-down body posture. (D) Spherical projection of the visual fields (binocular [grey], lateral [white], and blind 
[black]), pecten (dark grey) and foveae (black circles) into the visual space around the head during a male display.
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370 nm, 480 nm, and 570 nm in Red-winged Blackbirds. 
Their estimates of the sensitivity of the UVS, SWS, and LWS 
cones were off by 15, 20, and 35 nm, respectively, which 
is expected as electrophysiological measurements of cone 
sensitivity are not as accurate as microspectrophotometric 
ones. We compiled information from the literature on dif-
ferent visual dimensions associated with avian color vision 
(sensitivity of the UVS, SWS, MWS, and LWS cones, the 
transmittance of the ocular media, and the absorbance of 
the different types of oil droplets) from the species of birds 
studied so far (Appendix Figure 13). Along each of these 
dimensions, we plotted the reported values highlighting 
where the Red-winged Blackbird falls along the continuum. 
The Red-winged Blackbird appears to have intermediate 
values for most of these dimensions with the exception of 
the ocular media transmission (relatively low values), ab-
sorbance of the Y-type oil droplet (relatively high values), 
and absorbance of the P3 type oil droplet (relatively high 
values) (Appendix Figure 13). Overall, color vision in this 
species seems to be bounded by visual system sensitivities 
akin to previously studied bird species.
By collecting information on the sensitivity of the cone 
photoreceptors and their relative densities, we were able to 
model for the first time the degree of conspicuousness of 
different elements of the Red-winged Blackbird plumage 
along the chromatic and achromatic dimensions from the 
visual perspective of this species. Our results corroborate 
that even from an avian visual perspective, the plumage of 
males is more visually conspicuous both chromatically and 
achromatically than that of the females (Figure 6), giving 
females a high level of crypsis. Considerable research has 
emphasized the relevance of the red epaulets in males for 
territory establishment, defense, and mate attraction (Peek 
1972, Eckert and Weatherhead 1987, Røskaft and Rohwer 
1987, Yasukawa 2009a, 2009b, 2010). Considering vegeta-
tion as the visual background (when a male is in his ter-
ritory looking at a neighbor at some distance), the visual 
conspicuousness of the red epaulet was found to be mostly 
chromatic with actually minimal conspicuousness in the 
achromatic dimension. On the other hand, the male’s 
yellow patch generated a lower chromatic but a higher ach-
romatic signal than the red epaulet. This difference may 
be explained by the pigment composition of the feathers. 
The color of the red epaulet comes from a combination 
of ketocarotenoids and eumelanins, whereas that of the 
yellow patch comes from mostly phaeomelanins with no 
carotenoids (McGraw et  al. 2004). The reduction in the 
achromatic conspicuousness of the red epaulet may serve 
visual signaling purposes by over-emphasizing one visual 
dimension above the other. This finding has some future 
experimental design implications as any artificial manipu-
lation of the degree of redness of the epaulet should ensure 
that it is not generating any achromatic signal residue.
Female Red-winged Blackbirds also have epaulets, but 
they vary substantially in brightness (Payne 1969), which 
has been associated with body condition (Johnsen et  al. 
1996) and age (Blank and Nolan 1983). Considering vege-
tation as the visual background, we found that the female 
epaulet was not visually contrasting (from a Red-winged 
Blackbird visual perspective) in both the chromatic and 
achromatic dimensions. In fact, there were other female 
feather patches that were more conspicuous than the ep-
aulet (breast in the chromatic dimension, under tail in 
the achromatic dimension). The brightness of female 
epaulets seems to signal status in female-female aggres-
sive encounters (Johnsen et al. 1996), which occur at close 
distances and thus may reduce the need for signaling from 
far away, as the males do. Additionally, given that the fe-
male epaulet is in a similar location to that of the male, 
females signaling may be taking advantage of an intrinsic 
species-bias in males and females to pay visual attention to 
that part of the body.
Besides the value of our findings for future comparative 
studies on the evolution of the avian visual system (Martin 
2009, Coyle et al. 2012, Moore et al. 2017), we think these 
data can provide some perspective on previous studies and 
inform future research on the ecology and behavior of Red-
winged Blackbirds. For instance, Red-winged Blackbirds 
forage in groups during the non-breeding season and 
some social foraging theoretical models make specific 
assumptions about the way group mates visually perceive 
predators and conspecifics (Fernández-Juricic et al. 2004). 
Our visual field configuration and visual acuity results 
can inform these models to make more blackbird-specific 
predictions that can be tested empirically. Red-winged 
Blackbirds have been the subject of a lot of mate choice 
and sexual selection work, with visual signaling being an 
important component (Searcy and Yasukawa 1995). The 
data on color vision (sensitivity of visual pigments, absorb-
ance of oil droplets, and relative densities of cones) can 
be used to model the perception of Red-winged Blackbird 
visual signals and displays from the perspective of its own 
species. Red-winged Blackbirds can also produce consid-
erable damage to crops (Linz et al. 2017). Our findings on 
the position of the centers of acute vision, size of the bin-
ocular field, and color vision can shed some new light as 
to the visual cues Blackbirds may be using to assess the 
foraging suitability of different crops depending on phe-
nology. Overall, we believe that bringing the visual sensory 
perspective to this highly studied species can be of benefit 
from both theoretical and applied perspectives.
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APPENDIX FIGURE 8.  Diagram of setup used for the 
measurement of ocular media transmittance. Multicolored 
rectangle and arrows represent the light path through the setup. 
Diagram not to scale.
APPENDIX FIGURE 9.  Plumage patches of (A) female and (B) male Red-winged Blackbird used in contrast calculations. Bk = beak, 
Bel = belly, Bre = breast, Cheek, Crw = crown, Epaulet, EB = eye bar, Flight = distal side of flight feathers, Mntl = mantle, Tail = dorsal 
side of tail feathers, Thr = throat, Under Flight = proximal side of flight feathers, Under Tail = ventral side of tail feathers, and YB = Yellow 
wing bar. Images not to scale.
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APPENDIX FIGURE 10.  Normalized transmittance spectra 
of the Red-winged Blackbird ocular media: (A) 4 individual 
hemisected eyes measured; (B) average transmittance spectra 
of the hemisected eye and the fitted curve used in the plumage 
contrast calculations; (C) average transmittance spectra of the 
hemisected eye, cornea-lens, and vitreous humor.
APPENDIX FIGURE 11.  (A) Degree of overlap (mean ± SE) of 
the retinal margins of Red-winged Blackbirds along different 
elevations measured at the median sagittal plane when eyes were 
at rest (white squares), converged (black squares), and diverged 
(grey triangles). Positive values indicate binocular overlap, while 
negative values indicate blind areas. (B) Degree of eye movement 
along the median sagittal plane.
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APPENDIX FIGURE 12.  Cone photoreceptor topographic maps representing the Red-winged Blackbird retina: (A) all photoreceptors, 
(B) UVS single cone (T-Type oil droplet), (C) SWS single cone (C-Type oil droplet), (D) MWS single cone (Y-Type oil droplet), (E) LWS single 
cone (R-Type oil droplet), and (F) double cone (P-Type oil droplet). Isodensity lines connect areas of similar density (cells mm–2) of cones 
across the retina. T = Temporal; V = Ventral. Pecten location is indicated by a black streak.
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APPENDIX FIGURE 13.  Photoreceptor visual pigment (λ
max
), 
oil droplet (λ
cut
), and ocular media transmittance (λ
T0.5
) lambda 
parameters for all species where microspectrophotometric data 
are published. Red-winged Blackbird marked with black circle. 
(A) UVS/VS cone photoreceptor, (B) SWS cone photoreceptor, (C) 
MWS cone photoreceptor, (D) LWS cone photoreceptor, (E) RH1 
rod photoreceptor, (F) ocular media transmittance (OMT), (G) 
C-Type oil droplet, (H) Y-Type oil droplet, (I) R-Type oil droplet, (J) 
P1-Type oil droplet, P2-Type oil droplet a (K) and b (L) peaks, and 
(M) P3-Type oil droplet. See Appendix Table 3 for order, scientific 
name, common name, and reference of all species.
APPENDIX FIGURE 14.  Exemplar UVS visual pigment 
absorbance spectra. (A) UVS visual pigment absorbance curve 
(dark grey) with post-bleach and rotated spectrum (grey), with 
the black line indicating a 380 nm A1-rhodopsin template from 
Govardovskii et al. (2000). (B) Difference spectrum (dark grey) 
between the UVS visual pigment absorbance curve and post-
bleach and rotated spectrum in panel (A), with the black line 
indicating a 380 nm A1-rhodopsin template from Govardovskii 
et al. (2000).
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